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Recently the evidence of the helical magnetic structure modulated along c-axis with the period of
four lattice parameters was obtained in easy ab plane ferromagnetic superconductor EuRbFe4As4
[K. Iida et al., Phys. Rev. B 100, 014506 (2019)]. We argue that such structure may appear
due to the presence of superconductivity. In spite of the very small value of the exchange field
acting on the superconducting electrons in EuRbFe4As4, the exchange mechanism of interaction
between superconductivity and ferromagnetism could dominate over the electromagnetic one and
this circumstance could favor the emergence of the short-period magnetic structure (with the period
less than the superconducting coherence length). Such a situation differs from one in the similar
compound P-doped EuFe2As2, where the electromagnetic mechanism dominates and results in the
magnetic structure with significantly larger period (of the order of London penetration depth). We
also analyze the effect of the external magnetic field on the onset temperature of the modulated
magnetic structure.
The P-doped EuFe2As2 compound reveals an interest-
ing interplay between superconductivity with Tc ≈ 25 K
and Eu magnetic ordering below θ ≈ 19 K1–8. Due to the
very low exchange (EX) interaction between Eu moments
and conducting electrons, the main mechanism of the
superconductivity and magnetism interplay is the elec-
tromagnetic (EM) interaction9. As a result, just below
the Curie temperature a domain structure with a period
of the order of the London penetration depth emerges
instead of ferromagnetic ordering7–13. With further low-
ering the temperature it transforms into a usual domain
structure while the domains are in the vortex state. Note
that the easy axis is along c direction in this compound
and the magnetic structure is modulated in the ab plane.
Recently the coexistence of the superconductivity and
magnetism was reported in similar EuRbFe4As4 com-
pound with Tc ≈ 37 K and θ ≈ 15 K14,15. In contrast
with EuFe2As2, in this case the magnetic moments lie in
the ab plane.
Very recent neutron diffraction measurements suggest
the helical magnetic structure (HMS) modulated along
the c-axis in this compound16. Moreover, some indica-
tions of such HMS were also obtained by resonant elas-
tic x-ray scattering technique (see Ref.[17] and reference
therein). Interestingly, the period of this helix appears to
be very small, i.e. of the order of four lattice parameters.
The recent magnetooptical studies17 indicate the absence
of the ferromagnetic vortex phase similar to one observed
in EuFe2As2 [8], which is consistent with a short-period
magnetic structure. In Ref. [17] it was argued that this
HMS may have nonsuperconducting origin and caused
by a weak antiferromagnetic exchange interaction along
the c-axis. If this situation is realized, the influence of
superconductivity on the helix should be very weak.
Another possibility is that this helix appears due to
the presence of superconductivity. At the first glance, it
seems that in such the situation the period of the result-
ing magnetic structure should be basically the same as
in similar EuFe2As2 compound (of the order of the Lon-
don penetration depth). Since it is significantly larger
than four lattice parameters, one can naively expect
that the HMS cannot have the superconducting origin.
However, there are two important differences between
EuFe2As2 and EuRbFe4As4. First, in these two com-
pounds the magnetic stiffnesses entering the period of
the magnetic structure are essentially different. Indeed,
in EuFe2As2 (EuRbFe4As4) the magnetic structure is
modulated along c-axis (in the ab-plane) and its period
depends on in-plane (out-of-plane) magnetic stiffness ax
(az). In these two compounds ax should be basically the
same. At the same time, in EuRbFe4As4 the stiffness
az is expected to be much smaller than ax (practically
by two order of magnitude). Indeed, since Eu planes are
separated by Rb plane, the distance between Eu planes
along the c-axis is much larger than the distance between
Eu atoms in the ab plane. Thus, ax in EuFe2As2 could
be significantly larger than az in EuRbFe4As4.
Another difference is that the exchange field hEX act-
ing on the electrons spin from Eu atoms in EuRbFe4As4 is
still small, but substantially larger than that in EuFe2As2
(see below).
These circumstances may favor the EX interaction
compared to the EM one in EuRbFe4As4. In such a
case, a short-period (with a period less than the super-
conducting coherence length) magnetic structure18 may
be realized due to the vanishing of electron spin sus-
ceptibility at zero wave-vector in the superconducting
state and it could explain the experimental observation
of the helix. The spatial profile of this structure should
be helical due to easy-plane character of ferromagnetism
in EuRbFe4As4. Such structure was first predicted by
Anderson and Suhl long time ago in Ref. [18], but
never observed before since all previously known ferro-
magnetic superconductors (FSs) with dominant EX in-
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Figure 1. Ferromagnetic superconductor with the magneti-
zation lying in the ab plane and helical magnetic structure
modulated along c-axis.
teraction have strong easy-axis magnetic anisotropy19.
The main subject of this Rapid Communication is the
detailed analysis of such a situation.
The free energy functional of FS contains the contri-
bution from the superconducting subsystem, the free en-
ergy FM of the magnetic subsystem and the interaction
part Fint = F
EM
int + F
EX
int . In the case of easy xy-plane
ferromagnetism magnetic functional reads as19,20
FM =
(B− 4piM)2
8pi
+
nθ˜
M20
[
τM2 + a2x
(
∂M
∂x
)2
+
+ a2x
(
∂M
∂y
)2
+ a2z
(
∂M
∂z
)2
+
bM4
2M20
]
+DM2z , (1)
where B is the magnetic field, M is the magnetization,
n is the concentration of magnetic atoms, θ˜ is the char-
acteristic temperature determined by the mechanism of
ferromagnetism, M0 is the saturation magnetization at
T = 0, τ = (T − θ)/θ is the reduced temperature, θ
the Curie temperature, D is out-of-plane anisotropy con-
stant, the coefficient b ∼ 1. Since both the EM energy
θEM = 2piM
2
0 /n and the EX energy θEX = h
2
EXN(EF )
are small compared to θ, we assume direct or superex-
change interaction to be responsible for the ferromag-
netism [here N(EF ) is the electron density of states at
the Fermi energy per one localized moment]. In such a
case we can put θ˜ ≈ θ. In the absence of the super-
conductivity B = 4piM and the functional Eq.(1) has
the standard form21. The minimum of such functional
corresponds to the uniform ferromagnetic state.
The EM and EX contributions to the interaction en-
ergy are the following19,20
FEMint =
∑
q
K(q)
|Aq|2
2
,
FEXint =
∑
q
2piθEX
θEM
(
χnq − χsq
χn0
)
|Mq|2.
(2)
Here, Aq and Mq are the Fourier components of the
vector-potential and the magnetization, respectively,
K(q) is the electromagnetic kernel of a superconduc-
tor, which is defined as jq = −cK(q)Aq, where jq is
the Fourier component of the Meissner current, χnq and
χsq are the electronic paramagnetic susceptibilities in the
normal and superconducting states, respectively.
Note that in the presence of superconductivity the
magnetic structure becomes nonuniform. Indeed, if we
take into account only EX interaction, the minimum of
FM + F
EX
int will correspond to nonzero wave vector since
the paramagnetic susceptibility in the superconducting
state χsq has maximum for q 6= 0 [18].
In the clean limit and for qξ0 ≪ 1 the kernel and
the susceptibilities read as K(q) = 1/(4piλ2) and (χnq −
χsq)/χn0 =
[
1− (piqξ0)2/18
]
, while for qξ0 ≫ 1 one has
K(q) = 3/(16λ2qξ0) and (χnq − χsq)/χn0 = pi/(2qξ0),
where ξ0 is the superconducting coherence length
20. Be-
low we take qξ0 ≫ 1, but the results remain qualitatively
valid for qξ0 & 1.
Since B = rotA, we solve the Maxwell equation
rot(B− 4piM) = 4pij/c in the Fourier representation and
find Aq = (4piiq×Mq)/[q2 + 4piK(q)].
Due to easy ab plane ferromagnetism in EuRbFe4As4,
the magnetic structure in this compound should be heli-
cal. We expect this structure to be modulated along z-
axis since az is small compared to ax (see Fig.1). Choos-
ing the corresponding helical ansatz for the magnetiza-
tion Mx = M cos qhz and My = M sin qhz, we calculate
the averaged free energy F¯ = V −1
∫
FMdV + Fint:
F¯ = 2pi
θ
θEM
[
θEM
θ
1
1 + q2h/4piK(qh)
+ τ + a2zq
2
h+
+
θEX
θ
pi
2ξ0qh
]
M2 +
θ
θEM
pibM4
M20
. (3)
In the typical case q2h ≫ 4piK(qh) we can neglect the
unity in denominator of the first term of Eq.(3).
In the presence of superconductivity, the HMS is sta-
bilized without taking into account interactions such as
Dzyaloshinskii-Moriya one. The reason is that in the fer-
romagnetic state with q = 0 the first term in (3) reads as
2pi(θEM + θEX + τ)M
2/θEM and the increase of q may
decrease it. The actual choice of the vector of the helix
corresponds to the minimum energy. Similarly, e.g. the
HMS in Ho is realized with the modulation vector corre-
sponding to the maximum of the spin susceptibility24,25.
Comparing the contributions to the interaction en-
ergy coming from EM and EX mechanisms, we find that
the later dominates in the coexisting phase formation if
θEM < [θEXqh/8ξ0K(qh)]. In such a case neglecting the
first term in F¯ and minimizing it with respect to qh, one
gets the wave vector of the HMS qh = (piθEX/4θa
2
zξ0)
1/3,
which coincides with the well-known result (see Refs.[18
and 19]). The resulting free energy of the HMS modu-
lated along the c-axis reads as:
F¯h = − θ
θEM
piM20
b
(|τ | − τh)2, (4)
3where τh = (
√
27piθEXaz/8θξ0)
2/3. As a result, the ap-
pearance of the helix becomes favorable at Th = θ(1−τh).
Note that the magnetic transition temperature is maxi-
mal for the modulation along z-axis, as az ≪ ax.
Note that the microscopic model of coexistence be-
tween superconductivity and helical magnetism was stud-
ied in the pioneering work [23], and the exact solution of
the model was obtained.
To confirm the validity of the assumption about
the dominance of EX interaction over EM one in
EuRbFe4As4, we check the fullfillment of the condition:
θEM <
θEXqh
8ξ0K(q)
. (5)
The exchange field in EuRbFe4As4 seems to be much
larger than in the parent EuFe2As2 compound [hEX ∼
(0.1− 1) K9,22,26–28]. Indeed, the recent measurements29
of the upper critical field Hc2 in EuRbFe4As4 single crys-
tals show that the orbital critical field Horb at T = 0 K
extrapolated from the Hc2(T ) slope near Tc is around
180 T for the field orientation in the ab plane, and 100 T
along the c−axis. At the same time, the measured29
Hc2 is about 65 T at low temperatures, which implies
the important contribution due to the paramagnetic lim-
itation. The paramagnetic limit µBHP = 1.85 · Tc [K]
in EuRbFe4As4 is HP ∼ 66 T, thus the Maki param-
eter αM =
√
2Horb/HP is 3.8 for the field orientation
in the ab plane and 2.1 along the c-axis. Knowing HP
and Horb allows us to estimate the theoretical value of
Hc2 at T = 0 K (see Ref.[30]), which is 46 T and 43 T
for ab plane and along the c−axis, respectively. These
values are substantially smaller than the experimentally
measured 65 T, which means the weakening of the para-
magnetic effect in EuRbFe4As4. The possible explana-
tion of such behavior may be related with Jaccarino-
Peter effect, i.e. compensation of the field acting on
the electrons spins by the exchange field generated by
RE atoms31. The total field h = µBH ± |hEX | may
me larger or smaller that the Zeeman field µBH , de-
pending on the sign of the exchange integral. In some
FSs the Jaccarino-Peter effect may lead to the total
compensation of Zeeman field and results in the field-
induced superconductivity. Such situation was observed,
for example, in Eu0.75Sn0.25Mo6S7.2Se0.8
32. To explain
the observed weakening of the paramagnetic effect in
EuRbFe4As4 we may estimate the value of the exchange
field as hEX ∼ (5− 10) K. Thus, the perturbative treat-
ment of hEX in the Fint [see Eq.(3)] is justified at all
T < Th due to hEX < ∆. Taking hEX ∼ 5 K and
N(EF ) ∼ 10 states/eV per one Eu atom33, we obtain
θEX ∼ 2× 10−2 K.
At the same time, according to recent neutron scatter-
ing data16, the wave vector of the HMS in EuRbFe4As4 is
qh ∼ 1.2 nm−1. Taking λ ∼ 94 nm and ξ0 ∼ 1.2 nm14, we
obtain [θEXqh/8ξ0K(q)] = [2θEXq
2
hλ
2/3] ∼ 180 K. On
the other hand, we can estimate θEM ∼ 1 K using the
parameters from Ref.[14]. Thus, the desired condition
(5) is fullfield and the EX interaction indeed dominates
in EuRbFe4As4.
Note that az in EuRbFe4As4 is rather small. Indeed,
comparing the calculated wave vector qh with its exper-
imental value17 we obtain az ∼ 3 × 10−2 nm. Such
small value could be realized in EuRbFe4As4 since the
distance between Eu planes along c-axis is rather large
(c = 13.2 A˚) and the corresponding exchange integral is
small [14]. As a result, the small magnetic stiffness and
relatively large exchange field in EuRbFe4As4 favor the
dominance of EX interaction.
In spite the fact that EuRbFe4As4 and EuFe2As2 com-
pounds seem to be very similar, in the latter one the
condition (5) of dominant EX interaction is not fullfield.
This violation results from larger magnetic stiffness and
smaler exchange energy. Indeed, comparing the period of
the modulated magnetic structure in the Meissner state9
with its experimental value8 we obtain ax ∼ 5 nm. Tak-
ing λ ∼ 350 nm8, ξ0 ∼ 1.5 nm9,34 and θEX ∼ 10−3 K9,
we can estimate [θEXqh/8ξ0K(q)] = [θEXpiqhλ
2/2ξ0] ∼
1.3 K. At the same time, the EM energy can be evalu-
ated as θEM ∼ 2.1 K using the parameters from Ref.[28].
Thus, the condition (5) is violated in EuFe2As2. Note
that the structure of the coexisting phase in this com-
pound is determined by the EM mechanism solely9.
In the field cooling regime, the magnetic field lying in
the xy plane decreases the temperature of the modulated
magnetic structure (MMS) appearance. Indeed, the field
Hab = Habey induces the uniform magnetization Mab =
Mabey. With lowering the temperature, in addition to
this induced magnetization, the MMSMm appears. Note
that the spatial profile of the structure is not helical now,
since the configuration with Mm ⊥ H0 has lower free
energy. As the result, the total magnetization becomes:
Mx = Mm sin qhz, My = Mab, where qh is the same as
before. Due to the term 〈M4〉 = [M4ab + (3/8)M4m +
M2mM
2
ab] in the free energy, the presence of the induced
magnetization renormalizes the onset temperature of the
MMS. To calculate the actual temperature shift, below
we write down the Gibbs free energy G = F −BHab/4pi
corresponding to the above magnetization configuration.
Note that the strong polarization of the magnetic syb-
system near the Curie temperature leads to the de-
crease of the London penetration depth and, in principle,
may qualitatively change the intervortex interaction35.
EuRbFe4As4 is strong type II superconductor with
Ginzburg-Landau parameter κ ∼ 70 − 100 [14]. Know-
ing Horb, we may estimate the lower critical field as
Hc1 ∼ 0.2 kOe. Using the magnetization measurement
data at T ≈ 17 K ∼ θ [14], we may estimate the mag-
netic induction at H ∼ Hc1 as 4piM ∼ 0.2 kOe ∼ Hc1.
This means practically twofold shrinkage of the effective
London penetration depth due to an important contri-
bution to the total field from the magnetization. So we
may expect considerable decrease in the vortex size and
the increase in the vortex density17 when T approaches θ
from above, which is interesting to observed experimen-
tally. However, this effect practically does not change the
value of Hc1 (see Refs. [20 and 35]) and it is not strong
4enough to provoke the vortex attraction35.
Neglecting EM contribution to the energy at q = qh,
we write down averaged Gibbs free energy at Hab ≫ Hc1
as follows:
G¯ = Gabun +
piθ
θEM
(
τ + τh +
bM2ab
M20
)
M2m +
3ΓbM4m
16M20
. (6)
Here Gabun is the Gibbs energy in the absence of the MMS:
Gabun = −
H2ab
4pi
+
2piθ
θEM
(
τM2ab +
bM4ab
2M20
)
−HabMab+
+ 2piM2ab +
2piθEX
θEM
M2ab, (7)
where the last term is FEXint at q = 0. Minimizing Eq.(6)
with respect to Mm, we find
M2m =
4M20
3b
(
|τ | − τh − bM
2
ab
M20
)
,
G¯ = Gabun −
2piθ
3θEM
M20
b
(
|τ | − τh − bM
2
ab
M20
)2
.
(8)
It follows from Eqs.(8), that in the presence of the mag-
netization induced by a magnetic field the MMS exists
at the temperatures satisfying |τ | ≥ [τh + bMab(τ)/M20 ].
To find the onset temperature T abm = θ(1 − τabm ) of such
structure we solve the equation τabm = τh+bMab(τ
ab
m )/M
2
0
together with the nonlinear equation for Mab:
4piθ
θEM
[
τ + τun +
bM2ab
M20
]
Mab = Hab, (9)
which follows from the condition ∂Gabun/∂Mab = 0. Here
τun = (θEM + θEX)/θ. As a result, we obtain the onset
temperature of the MMS in the presence of the external
magnetic field:
τabm = τh +
θ2EMbH
2
ab
16pi2θ2M20 (τun − τh)2
. (10)
T abm is always lower than Th.
If the magnetic field exceeds the critical value Hcr, the
formation of the MMS is not favorable. Indeed, it fol-
lows from Eq.(10) that the onset temperature T abm of this
structure decreases with increasing the magnetic field.
Thus, if the field is aboveHabcr [which roughly corresponds
to the case T abm ≈ 0 (τabm ≈ 1)], the MMS does not appear.
The threshold field is:
Habcr ≈
4piθM0
θEM
√
b
(τun − τh). (11)
Let us estimate the value Habcr in EuRbFe4As4. In this
compound we have τh ∼ 0.002, τun ≈ θEM/θ ≫ τh.
Thus, Habcr ≈ 4piM0/
√
b ≈ 4piM0 ∼ 4 kOe.
The magnetic field Hc = Hcez along c-axis also sup-
preses the onset temperature of the MMS. In this case,
the induced magnetization Mc = Mcez is along z-axis
and obeys the equation:
4piθ
θEM
[
τ + τun +
bM2c
M20
+
θEMD
2piθ
]
Mc = Hc, (12)
which differs from Eq.(9) due to the presence of the out-
of-plane anisotropy term DM2c . Since Mc does not lie in
the xy-plane, the MMS should be helical. The total mag-
netization reads as: Mx =Mh cos qhz, My = Mh sin qhz,
Mz = Mc, where qh is the same as before. Calculating
the Gibbs free energy of the above magnetic configura-
tion for Hc ≫ Hc1 we obtain:
G¯ = Gcun −
piθ
θEM
M20
2b
(
|τ | − τh − bM
2
c
M20
)2
. (13)
Thus, the MMS appears at τcm = τh+bMc(τ
c
m)/M
2
0 . Solv-
ing this equation together with the Eq.(12), we obtain the
onset temperature T cm = θ(1+ τ
c
m) of HMS renormalized
by an external magnetic field directed along the c-axis:
τcm = τh +
θ2EM bH
2
c
16pi2θ2M20 [τun +DθEM/(2piθ)− τh]2
. (14)
The structure does not appear, if the magnetic field ex-
ceeds the critical value Hccr:
Hccr ≈
4piθM0
θEM
√
b
[τun +DθEM/(2piθ)− τh]. (15)
Let us evaluate the value Hccr for EuRbFe4As4. To
this end, we first estimate the out-of-plane anisotropy
constant D. According to Ref.[17] the ratio of out-of-
plane χ⊥ = (∂Mc/∂Hc) and in-plane χ‖ = (∂Mab/∂Hab)
magnetic susceptibilities at T = (θ+1K) is χ⊥/χ‖ ∼ 1/2.
At the same time, using Eqs.(12) and (9), we find this
ratio above the Curie temperature:
χ⊥
χ‖
=
τ + τun
τ + τun +DθEM/(2piθ)
. (16)
Since θEM ∼ 1 K, we obtain D ∼ 2. Thus, we can es-
timate Hccr ∼ 5.3 kOe, which can be easily achieved in
the experiments. Note that the indication of the suppres-
sion of the MMS onset temperature by the out-of-plane
magnetic field was recently observed in Ref.[36].
To sum up, we have demonstrated that in EuRbFe4As4
compound the small magnetic stiffness along the c-axis
could make the RudermanKittelKasuyaYosida EX inter-
action the main mechanism of the interplay between su-
perconductivity and ferromagnetism. This situation dif-
fers from one in the similar ferromagnetic superconduc-
tor P-doped EuFe2As2, where the EM mechanism domi-
nates. The dominant EX interaction in EuRbFe4As4 may
favor the short-period helical magnetic structure with the
5period d ∝ (a2zξ0)1/3 first predicted by Anderson and
Suhl in Ref.[18], but never observed before. The external
magnetic field suppresses the onset temperature of the
modulated magnetic structure.
To verify weather the helical structure in EuRbFe4As4
compound is really generated by superconductivity (and
not related simply with a maximum of the spin suscepti-
bility at finite wave-vector in the normal state, as e.g. in
Ho) it may be interesting to study the effect of pressure.
Indeed, pressure allows one to decrease Tc and increase
Tm [37]. Thus, at high pressure we may expect the ap-
pearence of the ferromagnetic vortex phase instead of
helix, if the predicted scenario is indeed realized.
ACKNOWLEDGMENTS
The authors thank V. Stolyarov and D. Roditchev
for fruitful discussions. This work was supported by
the French ANR SUPERTRONICS and OPTOFLUX-
ONICS, EU COST CA16218 Nanocohybri. The work of
Zh. D. was carried out within the framework of the state
task. Zh. D. is also grateful to the LOMA laboratory
for the supporting of her visit to LOMA at University of
Bordeaux.
1 A. Ahmed, M. Itou, S. Xu, Z. Xu, G. Cao, Y. Sakurai, J.
Penner-Hahn, and A. Deb, Phys. Rev. Lett. 105, 207003
(2010).
2 G. Cao, S. Xu, Z. Ren, S. Jiang, C. Feng, and Z. Xu,
Journal of Physics: Condensed Matter 23, 464204 (2011).
3 I. Nowik, I. Felner, Z. Ren, G. Cao, and Z. Xu, Journal of
Physics: Condensed Matter 23, 065701 (2011).
4 S. Zapf, D. Wu, L. Bogani, H. S. Jeevan, P. Gegenwart,
and M. Dressel, Phys. Rev. B 84, 140503 (2011).
5 S. Zapf, H. S. Jeevan, T. Ivek, F. Pfister, F. Klingert,
S. Jiang, D. Wu, P. Gegenwart, R. K. Kremer, and M.
Dressel, Phys. Rev. Lett. 110, 237002 (2013).
6 S. Nandi, W. T. Jin, Y. Xiao, Y. Su, S. Price, D. K. Shukla,
J. Strempfer, H. S. Jeevan, P. Gegenwart, and T. Bruckel,
Phys. Rev. B 89, 014512 (2014).
7 I. Veshchunov, L. Y. Vinnikov, V. Stolyarov, N. Zhou, Z.
Shi, X. Xu, S. Y. Grebenchuk, D. S. Baranov, I. Golovchan-
skiy, S. Pyon, et al., JETP letters 105, 98 (2017).
8 V. S. Stolyarov, I. S. Veshchunov, S. Yu. Grebenchuk, D.
S. Baranov, I. A. Golovchanskiy, A. G. Shishkin, N. Zhou,
Z. Shi, X. Xu, S. Pyon, Y. Sun, W. Jiao, G.-H. Cao, L. Ya.
Vinnikov, A. A. Golubov, T. Tamegai, A. I. Buzdin, and
D. Roditchev, Sci. Adv. 4, eaat1061 (2018).
9 Zh. Devizorova, S. Mironov, A. Buzdin, Phys. Rev. Lett.
122, 117002 (2019).
10 U. Krey, Int. J. Magn. 3, 65-73 (1972).
11 M. Faure, A. I. Buzdin, Phys. Rev. Lett. 94, 187202 (2005).
12 V. H. Dao, S. Burdin, A. Buzdin, Phys. Rev. B 84, 134503
(2011).
13 L. N. Bulaevskii, A. I. Buzdin, S. S. Crotov, Solid State
Commun. 48, 719-723 (1983).
14 M. P. Smylie, K. Willa, J.-K. Bao, K. Ryan, Z. Islam, H.
Claus, Y. Simsek, Z. Diao, A. Rydh, A. E. Koshelev, W.-
K. Kwok, D. Y. Chung, M. G. Kanatzidis, and U. Welp,
Phys. Rev. B 98, 104503 (2018).
15 V. S. Stolyarov, A. Casano, M. A. Belyanchikov, A. S.
Astrakhantseva, S. Yu. Grebenchuk, D. S. Baranov, I. A.
Golovchanskiy, I. Voloshenko, E. S. Zhukova, B. P. Gor-
shunov, A. V. Muratov, V. V. Dremov, L. Ya. Vinnikov, D.
Roditchev, Y. Liu, G.-H. Cao, M. Dressel, and E. Uykur,
Phys. Rev. B 98, 140506(R) (2018).
16 K. Iida, Y. Nagai, S. Ishida, M. Ishikado, N. Murai, A.
D. Christianson, H. Yoshida, Y. Inamura, H. Nakamura,
A. Nakao, K. Munakata, D. Kagerbauer, M. Eisterer, K.
Kawashima, Y. Yoshida, H. Eisaki, and A. Iyo, Phys. Rev.
B 100, 014506 (2019).
17 V. K. Vlasko-Vlasov, A. E. Koshelev, M. Smylie, J.-K.
Bao, D. Y. Chung, M. G. Kanatzidis, U. Welp, and W.-K.
Kwok, Phys. Rev. B 99, 134503 (2019).
18 P. W. Anderson and H. Suhl, Phys. Rev. 116, 898 (1959).
19 L. Bulaevskii, A. Buzdin, M. Kulic, and S. Panjukov, Ad-
vances in Physics 34, 175 (1985).
20 M. Kulic and A. Buzdin, Superconductivity (Springer-
Verlag Berlin Heidelberg, 2008).
21 L. Landau and E. Lifshitz, Electrodynamics of Continuous
Media (Pergamon Press, New York, 1960).
22 A. Pogrebna, T. Mertelj, N. Vujicic, G. Cao, Z. A. Xu, D.
Mihailovic, Scientific Reports 5, 7754 (2015).
23 L.N. Bulaevskii, A.I. Rusinov, and M.L. Kulic, Low Temp.
Phys. 39, 255 (1980).
24 W. C. Koehler, J. W. Cable, M. K. Wilkinson, and E. O.
Wollan, Phys. Rev. 151, 414 (1966).
25 S. Chikazumi, Physics of Magnetism (R.E. Krieger Pub.
Co, 1978).
26 I. Nowik, I. Felner, Z. Ren, G. Cao, and Z. Xu, Journal of
Physics: Condensed Matter 23, 065701 (2011).
27 I. Nowik, I. Felner, Z. Ren, G. H. Cao and Z. A. Xu, New
J. Phys. 13, 023033 (2011).
28 H. S. Jeevan, Z. Hossain, Deepa Kasinathan, H. Rosner,
C. Geibel, and P. Gegenwart, Phys. Rev. B 78, 052502
(2008).
29 M. P. Smylie, A. E. Koshelev, K. Willa, R. Willa, W.-
K. Kwok, J.-K. Bao, D. Y. Chung, M. G. Kanatzidis, J.
Singleton, F. F. Balakirev, H. Hebbeker, P. Niraula, E.
Bokari, A. Kayani, and U. Welp, arxiv 1904.07203.
30 L. W. Gruenberg and L. Gunther, Phys. Rev. Lett. 16, 696
(1966).
31 V. Jaccarino, M. Peter, Phys. Rev. Lett. 9, 290 (1962).
32 H. W. Meul, C. Rossel, M. Decroux, ØFischer, G. Re-
menyi, and A. Briggs, Phys. Rev. Lett. 53, 497 (1984).
33 V.S. Stolyarov, private communication.
34 D. C. Johnston, Adv. Phys. 59, 803 (2010).
35 A. A. Bespalov, A. S. Mel’nikov, and A. I. Buzdin, Euro-
phys. Lett. 110, 37003 (2015).
36 K. Willa, R. Willa, J.-K. Bao, A. E. Koshelev, D. Y.
Chung, M. G. Kanatzidis, W.-K. Kwok, and U. Welp,
Phys. Rev. B 99, 180502(R).
37 D. E. Jackson, D. VanGennep, W. Bi, D. Zhang, P.
Materne, Y. Liu, G. H. Cao, S. T. Weir, Y. K. Vohra,
J. J. Hamlin, Phys. Rev. B 98, 014518 (2018).
